germination and because maize kernels are sensitive to anaerobic conditions during germination (1 1), we studied PDC purified from mature, dry maize kernels. A lag phase in the accumulation of product was found for this enzyme. The effects of pH, pyruvate, potassium chloride, PDC concentration, and Mg2"-TPP on this lag phase were investigated. The effect of extended preincubation of maize PDC with Mg2" and TPP on the lag phase was
germination and because maize kernels are sensitive to anaerobic conditions during germination (1 1), we studied PDC purified from mature, dry maize kernels. A lag phase in the accumulation of product was found for this enzyme. The effects of pH, pyruvate, potassium chloride, PDC concentration, and Mg2"-TPP on this lag phase were investigated. The effect of extended preincubation of maize PDC with Mg2" and TPP on the lag phase was studied. Hysteresis appeared to be correlated with kinetic cooperativity of maize kernel PDC.
MATERALS AND METHODS
The 02 supply is limited in germinating seeds; therefore, these seeds must carry out anaerobic metabolism (1 1). Pyruvate decarboxylase, PDC' (EC 4.1.1.1) and ADH (EC 1.1.1.1) catalyze a pathway of anaerobic metabolism in which NADH is reoxidized. PDC, the first enzyme in this pathway, catalyzes the decarboxylation of pyruvate to acetaldehyde; ADH then catalyzes the reduction of the acetaldehyde to ethanol. Thus, in its action on pyruvate, PDC functions at a major branch point between anaerobic and aerobic metabolism. Part of the regulation between these two metabolic routes is implemented by controlling PDC activity (6) . The effects of changing cytoplasmic pH and pyruvate concentration on PDC activity have been proposed as in vivo regulatory mechanisms for PDC (6) .
A lag phase in the accumulation ofacetaldehyde with time has been reported for PDC from wheat germ (13, 24) and yeast (12) . Such lag phases are termed hysteresis and are generated by the enzyme changing from a less active form to a more active form. The most common utility of this hysteretic response may be to dampen an enzyme's response to transient changes in vivo and thus function as a subtle regulatory mechanism (19) .
Since the enzymes present in dormant seeds can Characterization of Hysteresis. The time-zero velocity, steady state velocity, and the apparent rate constant for the transition between these two velocities were determined using the procedure of Neet and Ainslie (19) . The differential form of the progress curve for the reaction is described by equation 1 .
Equation 1 is expressed in linear form in equation 2. In ( (Fig. 3) . The Hill plot of data obtained with this PDC is linear with a slope (n) of 1.0 (Fig. 4) . This contrasts to the biphasic Hill plot (n = 1.2 and 2.5) obtained for PDC preincubated for only 30 min (S0.5 = 1.0 mM pyruvate) (Fig. 4) .
Effects of pH, PDC, Pyruvate, and KCI on T. The lag phase r decreased to a minimum at the pH optimum of the enzyme (5.8-6.0) and then increased significantly as the pH was increased to 6.6 (Fig. 5) . Since protein-protein interactions, and therefore protein concentrations, have been shown to affect lag phases and cooperativity, we tested a range of PDC concentrations (1, 2, 8,  13 ). Increasing the concentration of apo-PDC in the assay mixture decreased T from 5.7 min to 2.5 to 3 min when 3.5 nm and 7 nm PDC monomer was used (Fig. 6 ). All of our other studies used a concentration of PDC in this higher range (3.5-7 nM) to assure that PDC concentration was not a factor. The lag phaseT decreased as the pyruvate concentration in the assay was increased (Fig. 7A ). This effect of the pyruvate concentration on r Figure 2 . PDC activity (V.) was measured using the mixture given in Figure IA Correlation between Cooperativity and the Iag Phase (Hysteresis). The effects of pyruvate concentration, pH, and preincubation on the lag phase T can be correlated with changes in PDC cooperativity. Increasing concentrations of pyruvate in the assay mixture decreased both the maximum Hill number (n) and the lag phase T (Table II) (15) . The inflection point of the Hill plot is an estimation of the pyruvate concentration at which the transition between cooperative and apparent Michaelis-Menten kinetics occurs. At pyruvate concentrations below the inflection point (1 mM), PDC was very cooperative with respect to pyruvate (n = 2.5) and large changes in lag phase X were also observed (Table II; Fig. 7A ). PDC activity towards pyruvate concentrations greater than 1 mM was characterized by an n value of 1.2, suggesting little cooperativity towards these pyruvate concentrations. Likewise, pyruvate concentrations greater than Figure 2 . PDC activity (V.) was measured using the mixture given in Figure IA except that the pyruvate concentration was varied (pH 5.8). Figure 2 . PDC activity was assayed using the mixture described in Figure IA with the pH adjusted to the appropriate values.
1 mM had little additional effect on r. Increasing the pH increased both the maximum Hill number (n) and the lag phase r (Table  II ; Fig. 4 ) (13) . A third treatment which affected both the cooperativity and the lag phase was the 6-d preincubation with Mg2e
and TPP that abolished both cooperativity with respect to pyruvate and the lag phase (Table I ; Fig. 4 ). Purified PDC preincubated for 30 min was analyzed and a biphasic Hill plot was obtained which indicated significant cooperativity towards pyruvate (n = 2.5) (Fig. 4B ). This PDC preparation also had a distinct lag phase with a r of 1.0 min (3 mm pyruvate, pH 5.8).
In contrast, purified PDC preincubated for 6 d with Mg24 and TPP was analyzed and a linear Hill plot with a slope (n) = 1 was obtained (Fig. 4A) . No indication of cooperativity was observed when the data were analyzed using either the Hill plot or the Lineweaver-Burk plot (Fig. 3) . No lag phase was observed for this PDC preparation (3 mm pyruvate, pH 5.8). Figure 2 . PDC activity was measured as in Figure IA except that the pyruvate concentrations used are those given in this figure. B, Effect of KCI on r and PDC activity. PDC was preincubated as in A, and PDC activity was measured using the assay mixture given in Figure IA except that 1.5 mM pyruvate was used and the KCI concentration was varied.
DISCUSSION
The lag phase observed for purified maize kernel PDC was usually of the order of min, while the lag phase for yeast PDC was ofthe order of sec (12, 24) when both enzymes were treated with similar preincubations with Mg2 and TPP. The lag phase for wheat germ PDC was several min (13, 24) . The lag phases for maize and yeast (13, 24) PDC follow exponential functions as demonstrated by their linear dependence on the logarithm of the difference between the steady state velocity and the activation phase velocities at time, t (Fig. IB) . The mm TPP concentration used to apparently abolish the lag phase and the cooperative kinetics of maize PDC was probably much greater than the physiological TPP concentration (16) , and the process required a lengthy incubation; thus, it is unlikely that PDC will be in this activated state in vivo. The extreme conditions necessary for activation of purified kernel PDC with Mg-TPP and the finding that PDC in freshly prepared crude extracts also displayed comparable cooperative kinetics and a lag phase strongly suggest that maize kernel PDC would function in vivo with cooperative kinetics and a significant lag phase.
Most previous investigations of plant PDC have emphasized the regulation of PDC by changing pH and pyruvate concentrations (5, 7, 9, 13, 14, 20) . We found hysteresis was also affected by changing pH and pyruvate concentration. Increasing the pH from the optimum to a value near the pH 6.7 to 0.2 reported for anaerobically functioning maize tissue (22) significantly increased r. Decreasing pyruvate concentrations below 1 mm also gave large and increasing r values. Likewise, the addition of KCI to the assay increased r. Potassium is an inhibitor of PDC (3, 15) competitive with pyruvate (15) . The potassium concentration used was within the range reported for maize tissues, and thus potassium could be an effector of a lag phase in vivo. The cooperative kinetics and the lag phase of purified maize kernel PDC were apparently abolished only after a lengthy incubation of PDC with high concentrations of Mg2" and TPP. In contrast to the definite lag phase for maize kernel PDC, no lag phase or cooperativity was detected for PDC purified from anaerobically treated roots or from crude extracts of these roots when assayed at pH 5.8 using 0.25 mM, 1 mM; and 5 mm pyruvate (14) . These data suggest a central role for Mg2+-TPP in controlling PDC activity.
Hysteresis and cooperative kinetics appeared to be controlled by the degree ofsaturation of maize kernal PDC with Mg2+-TPP. Correlation ofchanges in the lag phase or hysteresis, with changes in observed cooperativity as experimental conditions change is circumstantial evidence that the two processes are mechanistically related. Such parallel changes in these properties could be Plant Physiol. Vol. 79, 1985 indicative of hysteretic cooperativity. Hysteretic cooperativity is produced by a ligand-induced, slow conformational change of an enzyme from one activation state to another activation state and is not generated by the common site-site interaction mechanism. Alternatively, these parallel changes could simply reflect separate responses to a common underlying change in protein structure.
